Clathrin, a cytosolic protein composed of heavy and light chain subunits, assembles into a vesicle coat, controlling receptor-mediated endocytosis. To establish clathrin light chain (CLC) function in vivo, we engineered mice lacking CLCa, the major CLC isoform in B-lymphocytes, generating animals with CLC-deficient B cells. In CLCa-null mice, the germinal centers have fewer B cells and they are enriched for IgA-producing cells. This enhanced switch to IgA production in the absence of CLCa was attributable to increased TGFβR2 signaling resulting from defective endocytosis. Internalization of CXCR4 but not CXCR5 was affected in CLCa-null B cells and CLC depletion from cell lines affected endocytosis of δ-opioid receptor, but not β2-adrenergic receptor, defining a role for CLCs in uptake of a subset of signaling receptors. This first instance of clathrin subunit deletion in vertebrates demonstrates that CLCs contribute to clathrin's role in vivo by influencing cargo selectivity, a function previously assigned exclusively to adaptor molecules.
Introduction
Clathrin-coated vesicles (CCVs) influence cell signaling by selecting membrane cargo during endocytosis (1) . Clathrin consists of three clathrin heavy chain (CHC17) subunits, each associated with a clathrin light chain (CLC), configured into a three-legged triskelion. Clathrin triskelia self-assemble into a latticed coat that traps membrane-associated adaptor molecules, which recruit cargo into the CCV through recognition of defined protein motifs. Cargo specificity is therefore determined by adaptor binding, but recent studies in vitro have suggested that the CLC subunits can also influence cargo selection. Vertebrates have two CLC isoforms, CLCa and CLCb, encoded by separate genes, CLTA and CLTB (1) . Depletion of both isoforms from tissue culture cells by siRNA treatment showed that CLCs are not required for clathrin-mediated uptake of classic CCV cargoes such as transferrin receptor (TfR), epidermal growth factor receptor or LDL-receptor (2) (3) (4) . CLCs were, however, implicated in uptake of three G-protein coupled receptors (GPCRs) (5) . CLCs are also required for uptake of large particles, including some viruses and bacteria (6, 7) . These roles for CLCs in cargo selection and their general contribution to clathrin function have been a matter of speculation for some time, with indications from in vitro experiments that CLCs regulate clathrin assembly (8) and tensile strength of the clathrin lattice (1, 9) . To assess such roles for CLCs in clathrin function in vivo, we made mutant mice that lack the CLTA gene and report their phenotype here.
In mammals, CLCa and CLCb are ~60% identical in protein sequence (1) . Shared sequences of 22 and 10 residues respectively, mediate binding to the actin-organizing huntingtin-interacting proteins (mammalian Hip1 and Hip1R, yeast Sla2p) (10-12) or the leucine-rich repeat kinase 2 (LRRK2) (13). Mammalian cell culture experiments and genetic studies in yeast and flies have ! shown that, through these interactions, CLCs participate in several pathways that could significantly affect clathrin function in vertebrates. These include clathrin-mediated endocytosis from membranes under tension (14, 15), formation of clathrin-actin interfaces during cell adhesion (16), clathrin-mediated recycling in cell migration (2) and endosome function during Drosophila eye development (13).
In vertebrates, both CLTA and CLTB gene products undergo alternative mRNA splicing to generate four possible forms of CLCa and two of CLCb (1) . Neurons express the highest molecular weight forms of both CLCs. The lowest molecular weight forms predominate in nonneuronal tissue (17, 18) and vertebrate tissues maintain characteristic levels of CLCa and CLCb (17, 19). Here, using an updated quantification approach, we established that there are two CLC expression patterns, with most tissues expressing equal levels of CLCa and CLCb, while CLCa expression is dominant in lymphoid tissue. Consequently, B cells in our CLTA-knockout mice were effectively CLC-deficient, allowing us to address the functional consequence of CLC loss in vertebrates through analysis of immunological phenotypes. We observed that B cells from CLTA knockout mice had defects in internalization of transforming growth factor-β receptor 2 (TGFβR2) and C-X-C chemokine receptor 4 (CXCR4). Though not all signaling receptors were affected by CLCa loss, defects in receptor internalization accounted for phenotypes observed in the knockout animals. Thus, CLCs play a significant role in cargo selection by CCVs in vivo by influencing uptake of specific signaling receptors. Over all, these results indicate there are two types of tissue, one with clathrin coats formed from triskelia with CLCa and CLCb, and the other in which CLCa is the predominant light chain of CCVs. Furthermore, expression of each CLC isotype appears to be independently regulated, such that B and T lymphocytes from the KO animals are effectively CLC-deficient. and spleen of KO mice had higher TGFβR2 surface levels than WT mice (Fig. 3A and Fig. S3A ), while surface levels of the B cell marker, B220, were unchanged in KO mice ( Fig. S3 A and B) .
Results

Tissues maintain characteristic CLCb levels upon
Genetic loss of CLCa increases the proportion of germinal center (GC) B cells
Relative to co-transplanted B6 (CD45. 3B and Fig. S3C ). Again, a difference in surface level was not seen for B220 on KO-derived B cells (Fig. S3 C and D) . These BM chimera phenotypes demonstrated that dysregulation of TGFβR2 surface expression is a cellintrinsic defect and confirm that this defect does not affect B220.
In the KO B cells, increased TGFβR2 at the B cell surface was not due to increased production of mRNA or protein ( Fig. 3 C and D) , suggesting that clathrin-mediated endocytosis of TGFβR2
(24, 25) is CLC-dependent. This pathway could not be studied using B cells from the KO mice because the TGFβR2 antibody signal was insufficient to assess receptor internalization.
Therefore, we tested TGFβR2 uptake ( siRNA and we confirmed that TGFβR2 endocytosis was impaired in cells treated with siRNA targeting CHC17 to deplete all clathrin (24). In the same siRNA-treated TGFβR2-transfected cells, uptake of endogenous transferrin receptor (TfR) was sensitive to CHC17 depletion but not CLC-dependent, as reported (3) (Fig 3F) . Together our FACS and internalization studies indicate that TGFβR2, like several GPCRs (5), is CLC-dependent cargo for CCVs, while B220 is like the CCV cargo whose surface expression is CLC-independent.
We assessed TGFβR2 signaling through Smad2/3 in the KO B cells because this signaling regulates class switch to IgA in B cells (23, (26) (27) (28) ( Fig. 4 A and B) . Increased surface CXCR4 was explained by reduced internalization in response to stromal cell-derived factor 1 (SDF1 or CXCL12) observed for both GC and follicular B cells from the mLNs of KO mice ( Fig. 4C and Fig. S4E ) compared to equivalent WT cells.
Upon SDF1 exposure, KO-derived B cells from BM chimeras had consistently higher CXCR4 levels than co-transplanted B6 cells, while WT-derived GC and follicular cells had comparable levels to co-transplanted B6 cells (Fig. S4F ). In contrast, B cells from KO mice exposed to CXCR5 ligand (CXCL13) showed no difference in internalization response compared to B cells from WT mice (Fig. 4D and Fig. S4G ) and KO-derived B cells showed comparable CXCR5 levels to B6-derived donor cells from BM chimeras after CXCL13 treatment, indicating no difference in CXCR5 uptake behavior by KO cells (Fig. S4H) .
CLC depletion from cell lines establishes selectivity for different CCV cargo. Finding that
CLCa regulates the B cell surface levels of TGFβR2 and CXCR4, but not CXCR5 and B220, inspired us to investigate CLC dependence for uptake of other cargoes. Given that three
GPCRs were previously shown to depend on CLCs for uptake (5), we focused on two additional
GPCRs, β2-adrenergic receptor and δ-opioid receptor known to depend on clathrin for uptake (30, 31), but for which the role of CLCs had not been examined. Using siRNA, HEK293 cells that stably express either N-terminally FLAG-tagged β2-adrenergic receptor (F-β2AR), or Nterminally FLAG-tagged δ-opioid receptor (F-DOR) were made CLC-deficient by CLCa and CLCb knockdown leaving residual CHC17, or completely clathrin-deficient by CHC17 knockdown ( Fig. S5 A and B) . Ligand-induced internalization of the tagged receptors was then assessed. CLC depletion, as well as CHC17 depletion, impaired ligand-induced endocytosis of F-DOR ( Fig. 5A and Fig. S5C ). As expected, uptake of endogenous TfR was not affected by CLC depletion, though sensitive to CHC17 depletion ( Fig. 5B and Fig. S5D) . Surprisingly, ligand-induced endocytosis of F-β2AR was not affected by CLC depletion, similar to the behavior of TfR in the same cells, though internalization of both receptors was affected by CHC17 depletion ( 
DISCUSSION
We produced a CLCa-knockout mouse to probe the physiological function of CLCs. This is the first study to address clathrin subunit function in vertebrates by gene deletion, and defines a key Splenic B cell and T cell purification. Splenic B and T cells were purified by negative selection using magnetic beads. For B cell purification, spleen cells were exposed to anti-CD43-coated beads (MACS, Miltenyi Biotech). For T cell purification, spleen cells were exposed to a cocktail of biotin-conjugated antibodies (anti-Ter119, anti-B220, anti-CD19, anti-CD11b, antiGr1, anti-CD11c) followed by binding to Streptavidin MicroBeads (MACS, Miltenyl Biotech). Cell purity was confirmed by FACS.
Flow cytometry. Spleen, mesenteric lymph node and Peyer's patch cells were isolated and labeled for FACS analysis as described previously (29). Antibodies used for GC B cell identification, immunoglobulin isotype detection, mixed bone chimeras analysis, and labeling of TGFβR2, CXCR4 and CXCR5 are specified in the SI.
Internalization assays. Internalization assays measured residual receptor remaining on the cell surface following incubation at 37°C. Percent internalization was established relative to surface labeling of cells maintained at 4°C for the duration of the experiment or relative to cells with no ligand treatment at 37°C, as specified. confluency, and the following day were transfected with siRNA using the jetPRIME reagent (PolyPlus transfection), according to the manufacturer's protocol. Cells were analyzed 72 hours after transfection. For TGFβR2 internalization assays, HEK293T cells were cotransfected with siRNA and TGFβR2-IRES-GFP using jetPRIME reagent (PolyPlus transfection).
Immunoblotting. Transfected HEK293 cells were solubilized in lysis buffer (50mM Tris (pH 7.2), 150mM NaCl, 20mM EDTA, 1% Triton X-100, and EDTA-free protease inhibitors (Roche)) and lysate produced by centrifugation to remove nuclei. Protein content of lysates was determined using the Pierce BCA Protein Assay kit (number 23225, Thermo Scientific).
Proteins were resolved on pre-cast SDS-PAGE gels (4-12% acrylamide; Invitrogen), transferred onto nitrocellulose membranes (Bio-Rad) and detected by labeling with primary, then secondary antibodies. Blots were scanned using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE), or by using the ECL system (Amersham Biosciences)
according to the manufacturers' protocols.
Amounts of the CLC isoforms in tissues were determined by quantitative immunoblotting using a previously described protocol (19). Murine tissues were first homogenized in lysis buffer (150mM NaCl, 1mM EGTA, 10mM Hepes, 0.5mM MgCl 2 , 0.02% ! NaN 3 , 0.05% PMSF, pH 7.2) containing EDTA-free protease inhibitors (Roche) on ice and centrifuged at 1,000 g for 30 min at 4°C. Resulting supernatants were boiled for 10 min and For CXCR4 or CXCR5 internalization of mesenteric lymph node (mLN) B cells, the mLNs were harvested into pre-warmed internalization buffer (RPMI supplemented with 0.5% fatty acid-free BSA, 10mM Hepes, glutamine and antibiotics). Lymphocytes were then isolated by mechanical disaggregation through a 80-µm nylon sieve at room temperature.
After two washes with internalization buffer, cells were re-suspended in internalization buffer at 10 7 /ml. Cells were incubated in a 37°C water bath for 30 min. 90µl cell suspensions were added to tubes containing 10ml internalization buffer only, SDF1 (1µg/ml) or CXCL13 (10 µg/ml) to reach the working concentration of SDF1 (100ng/ml), or CXCL13 (1 µg/ml). Cells were incubated for indicated times, and then 100µl 4°C internalization buffer was added to the tubes, which were immediately placed on ice. After internalization, cells were pelleted, 
